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30% increase in [CO2] during the last century

(Haverd et al. GCB 2020)
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Large diversity of productivity increase in current land surface 
models during the last century

(Haverd et al. GCB 2020)
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Large diversity of productivity increase in current land surface 
models during the last century

(Haverd et al. GCB 2020)
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Large diversity of productivity increase in current land surface 
models during the last century

(Haverd et al. GCB 2020)
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Limitations of photosynthesis
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Limitations of photosynthesis
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Limitations of photosynthesis
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Limitations of photosynthesis
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Optimising leaf nitrogen use leads to similar contributions of the 
different limitations of photosynthesis = coordination hypothesis

(Haverd et al. GCB 2020)

(optim)
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Large diversity of productivity increase in current land surface 
models during the last century

(Haverd et al. GCB 2020)
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(Nomura et al. Photosyn Res 2023)

Leaves adapt to growth condition (acclim)

Topt
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(Kumarathunge et al. New Phytolo 2019)

Leaves adapt to growth condition (acclim)
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Assimilation happens in the chloroplast, where [CO2] is lower 
than in the stomata (gm)

Troughton & Slatyer (1969) extended the use of the term to
a ‘mixed’ diffusion-biochemical component, that is, to refer
to the initial slope of AN versus Ci relationship. Following
Gaastra’s (1959) assumption that CO2 concentration inside
the chloroplast was near zero (i.e. at the CO2 compensation
concentration), Jones & Slatyer (1972b) proposed a method
to separate the transport and carboxylation components of
what continued to be called mesophyll or intracellular con-
ductance. Using this method, earlier conclusions by Gaastra
that mesophyll transport resistance was a limiting factor for
photosynthesis were confirmed (Jones & Slatyer 1972a,b;
Samsuddin & Impens 1979), and it was suggested, for the
first time, that the leaf internal resistance to CO2 transfer
could be variable and could respond, for instance, to water
stress (Jones 1973). The nomenclature was further compli-
cated by Samsuddin & Impens (1979), who termed internal
resistance to the ‘mixed’ diffusion-biochemical term, while
restoring the use of the term mesophyll resistance to refer
to the transfer component alone. Such a semantic confusion
continues nowadays, and several more recent papers still
call ‘mesophyll conductance’ or ‘internal conductance’ to
the initial slope of AN versus Ci relationship (e.g. Moldau &
Kull 1993; Laisk & Loreto 1996; Eichelmann et al. 2004a,b;
Béjaoui et al. 2006). We propose, as already did Farquhar &
Sharkey (1982) and Parkhurst (1994), to restrict the term
mesophyll conductance to the diffusion of CO2 through leaf
mesophyll, both through intercellular air spaces (gias), cell
wall (gw) and the intracellular liquid pathway (gliq). That is,
mesophyll conductance should be viewed as synonymous of
‘leaf internal diffusion conductance’, while terms such as
‘apparent carboxylation efficiency’ or ‘apparent carboxyla-
tion conductance’ may be more adequate to refer to the
initial slope of the AN versus Ci relationship.

With the introduction of the most commonly used leaf
photosynthesis model by Farquhar, von Caemmerer &
Berry (1980), the early assumption that CO2 concentration
in the chloroplasts was close to zero or to the compensation
point was rejected, as was later being confirmed by direct

measurements of Ci (Lauer & Boyer 1992). Thereafter,
most gas exchange studies have usually assumed that gm is
large and constant, that is, that Ci = Cc. However, different
studies in the late 80s and early 90s have already suggested
that Cc is significantly less than Ci, although not close to
zero. Evans et al. (1986) reached this conclusion by compar-
ing online carbon isotope discrimination of photosynthesiz-
ing leaves with the theoretical discrimination that would be
expected if Ci = Cc. Evans (1983) and Evans & Terashima
(1988) reached the same conclusion by comparing the
initial slope of the AN versus Ci curve in wheat and spinach
leaves with the activity of ribulose 1·5-bisphosphate
carboxylase/oxygenase (Rubisco) as determined in vitro.
With the advent of pulse-amplitude fluorometers, the com-
parison of chlorophyll fluorescence with gas exchange mea-
surements also indicated that Cc was lower than Ci, and that
their difference increased under conditions of water stress
or salinity (Bongi & Loreto 1989; Cornic et al. 1989; Di
Marco et al. 1990). The water stress-induced decrease of Cc

below Ci was independently demonstrated by measuring
leaf 18O discrimination (Renou et al. 1990), and was lately
confirmed several times by both chlorophyll fluorescence
and leaf 18O discrimination (Tourneux & Peltier 1995;
Sánchez-Rodríguez, Pérez & Martínez-Carrasco 1999).

METHODOLOGIAL ADVANCES IN
DETERMINING MESOPHYLL CONDUCTANCE
AND ITS COMPONENTS

The pioneer studies described in the previous section
includes the development of several methods that have
become usual to estimate mesophyll conductance to CO2.A
detailed description of the principles and procedures of
these methods has recently been reviewed by Warren
(2006a).Therefore, the present review will only mention the
existing methods, providing the original and extended
references for readers interested in a more detailed
description.
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Figure 1. (a) Micrograph of the abaxial surface of an olive leaf (bottom side up), where the stomata can be seen, as well as the pathway
of CO2 from ambient (Ca) through leaf surface (Cs) and intercellular air spaces (Ci) to the chloroplast (Cc). Boundary layer conductance
(gb), stomatal conductance (gs) and mesophyll conductance (gm) are indicated. (b) Electron micrograph of a grapevine leaf where cell wall
(cw), plasma membrane (pm), the chloroplast envelope (ce) and stroma thylakoid (st) can be observed. The pathway of CO2 from Ci to
chloroplastic CO2 (Cc) is characterized by intercellular air space conductance to CO2 (gias), through cell wall (gw) and through the liquid
phase inside the cell (gliq). A grain of starch (s) and a plastoglobule (pg) can be also observed in the picture (photos by A. Diaz-Espejo).

Review: mesophyll conductance to CO2 603

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd, Plant, Cell and Environment, 31, 602–621

(Flexas et al. Plant Cell Environ 2008)

explicit mesophyll conductance
<latexit sha1_base64="+mGxPu7DgszbXoBw9fjt7XQzYyc="></latexit>

Jc = V Cc
c ,max

Cc � Γòc
Cc + KM ,c

<latexit sha1_base64="ibQcVPaGKY5EnUlukozBs+ga4bo="></latexit>

Jc = V Ci
c ,max

C i � Γòi
C i + KM , i
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15

Stronger response of GPP with more liberated model versions

(Knauer et al. Sci Adv 2023)
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(Knauer et al. Sci Adv 2023)
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Combined effects not simply sum of individual effects but there 
are interactions among the processes

(Knauer et al. Sci Adv 2023)
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Sensitivities to temperature and [CO2] change including or 
excluding individual mechanisms
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Summary and Outlook

• Freeing model formulations enhances future land carbon uptake. 
➡ up to globally 25% in 2100. 

• Combined effects are not simply the sum of the individual effects but 
they reinforce each other. 
➡ Temperature acclimation leads to larger sensitivity of carboxylation 

to temperature. 
➡ Mesophyll conductance leads to larger sensitivity of 

photosynthesis to CO2 and smaller sensitivity to temperature. 
➡ RubisCO-limited rate is more sensitive to changes in CO2 than 

electron-transport limited rate. 
Optimisation balances better both rates and leads hence to 
different sensitivity of photosynthesis to CO2.

Knauer, Cuntz et al. (2023) Higher global gross primary productivity under 
future climate with more advanced representations of photosynthesis. 
Science Advances 9(46), eadh9444. doi: 10.1126/sciadv.adh9444


